The first step in the post-transcriptional regulatory function of most bacterial small non-coding RNAs (sRNAs) is base pairing with partially complementary sequences of targeted transcripts. We present a simple method for identifying sRNA targets in vivo and defining processing sites of the regulated transcripts. The technique, referred to as global small non-coding RNA target identification by ligation and sequencing (GRIL-seq), is based on preferential ligation of sRNAs to the ends of base-paired targets in bacteria co-expressing T4 RNA ligase, followed by sequencing to identify the chimaeras. In addition to the RNA chaperone Hfq, the GRIL-seq method depends on the activity of the pyrophosphorylase RppH. Using PrrF1, an iron-regulated sRNA in Pseudomonas aeruginosa, we demonstrated that direct regulatory targets of this sRNA can readily be identified. Therefore, GRIL-seq represents a powerful tool not only for identifying direct targets of sRNAs in a variety of environments, but also for uncovering novel roles for sRNAs and their targets in complex regulatory networks. P ost-transcriptional regulation mechanisms, primarily through the activities of regulatory small RNAs (sRNAs), play an important role in the bacterial stress response, metabolism, quorum sensing and virulence [1] [2] [3] [4] [5] [6] . The sharp increase in the description of this abundant class of RNA regulators during the past decade is the direct result of transcriptome analyses using next-generation RNA sequencing (RNA-seq) and the development of in silico methods to identify non-protein-coding transcripts 7 . In bacteria, regulation of gene expression by sRNAs can be divided into two mechanistically distinct categories. One class of sRNAs functions by modifying the activities of regulatory proteins 8 . Other sRNAs regulate gene expression by base pairing with messenger RNAs (mRNAs); this process is accelerated by the RNA chaperone Hfq 9 . The targets of base-pairing sRNAs can range from a few to as many as 1% of total cellular transcripts 10 . Transcripts positively controlled by these sRNAs form secondary structures near their ribosome binding sites and can be disrupted by alternative base pairing with sRNAs, allowing translational initiation 11, 12 . Negative regulation depends on base pairing of sRNAs near the translation initiation regions, and on downstream protein coding regions, which can lead to degradation of the transripts 13 . In spite of the relative ease of identifying regulatory RNAs, their targets are less well defined. The main difficulty in predicting sRNA targets is the limited and non-contiguous base-pairing regions with frequent internal secondary structures and the existence of multiple targets with different base-pairing configurations. Consequently, although several different computational algorithms have been developed, their performance in predicting direct regulatory targets of sRNAs is highly variable 7 . A number of experimental approaches have also been developed to facilitate the identification of direct targets of regulatory RNAs. Several methods (such as cross-linking ligation and sequencing of hybrids (CLASH) 14 and in vivo photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (iPAR-CLIP) 15 ) have been used to identify targets of eukaryotic microRNAs (miRNAs) based on immunoprecipitation of transcripts crosslinked to Argonaut proteins.
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Crosslinking followed by in vitro ligation and sequencing has been used to define the targets of non-coding RNAs in human cells 15 . In bacteria, transcriptome analysis following brief expression of sRNAs can be used to predict likely targets using translational reporters or ribosome profiling 16, 17 . However, these methods are often unable to distinguish between direct and indirect effects of sRNA regulation. A variation of these methods was applied to the identification of Hfq-bound mRNAs and sRNAs in Escherichia coli and Salmonella; however, the assignment of a direct regulatory relationship could not be made 18, 19 . Another approach relies on fusing the MS2 coat protein-binding hairpin sequence to the sRNA and capturing the sRNA/mRNA complex with the MS2 bacteriophage coat protein 20 . To facilitate the analysis of global effects of bacterial sRNAtarget mRNA interactions, we have developed a robust yet simple method for identifying targets of sRNAs. We have named this method global sRNA target identification by ligation and sequencing (GRIL-seq). The method takes advantage of the proximity of the sRNA and mRNA target sites in a complex that is likely to be stabilized by the Hfq protein. This arrangement facilitates a preferential ligation of the 3′ and 5′ ends by bacteriophage T4 RNA ligase, coexpressed in the same cell, and detection of the chimaeric RNAs by sequencing. The GRIL-seq method is an easy, readily accessible approach towards defining post-transcriptional regulatory networks controlled by sRNAs. Conceivably, this method could also be applicable to the analyses of miRNA-directed silencing of eukaryotic mRNAs.
was observed in Hfq coimmunoprecipitation 21 . Taking advantage of the proximity of a base-paired sRNA to its target RNA, we reasoned that, in T4 RNA ligase-expressing cells, the 5′ monophosphates of either sRNAs or mRNAs would preferentially ligate to the 3′ hydroxyl (OH) groups of mRNAs or sRNAs, respectively, creating chimaeras between these two molecules (Fig. 1a) .
To test this hypothesis, we engineered a Pseudomonas aeruginosa strain containing two compatible plasmids. In the plasmid pKH6, the gene for an sRNA was cloned with a +1 transcription start site downstream of a P BAD promoter, while the t4rnl1 gene, encoding the RNA ligase, was cloned in the plasmid pKH13 where its expression is controlled by the isopropyl-β-D-thiogalactoside (IPTG)-inducible tac promoter ( Fig. 1a and Supplementary Fig. 1 ; see Methods). Before introducing the sRNA-expressing plasmid into the cell, we first assessed the effect of expression of T4 RNA ligase on growth (Fig. 1b) . Bacteria continued dividing for at least 1 h, followed by a decline in viability. For each experiment, induction of the T4 RNA ligase expression was kept under 1 h.
To evaluate the utility of the proximity ligation method for identification of unknown targets of known sRNAs, we selected P. aeruginosa sRNA PrrF1, one of two sRNAs controlled by the iron-responsive Fur repressor 22 . PrrF1, together with a second sRNA, PrrF2, is the functional orthologue of the E. coli RyhB sRNA 23 . To identify candidate targets of PrrF1 and suitable non-target controls, we created an arabinose-inducible PrrF1 expression vector (pKH6-PrrF1) and introduced it into a P. aeruginosa ΔprrF1ΔprrF2 double mutant. Using RNA-seq, we compared the transcript levels in cells grown in the absence of the sRNAs (carrying the empty vector) with those recovered from bacteria expressing PrrF1 over a 20 min period of induction (Supplementary Table 1 ). We selected two candidate target genes (sodB and PA4880) based on their probable regulation by PrrF1, and two genes whose transcript levels were not altered in response to PrrF1 overexpression Also shown is the strategy based on PCR with reverse transcription (RT-PCR) for the detection of chimaeras between an sRNA and specific target mRNAs. F and R denote forward and reverse primers, respectively. b, Effect of expression of T4 RNA ligase based on P. aeruginosa cell growth. The T4 RNA ligase was induced in P. aeruginosa (pKH13) when it reached D 600 nm of ∼0.5 (indicated by the arrow) and cell viability was monitored for an additional 4 h. Error bars represent the s.d. of the average of three biological replicates; c.f.u., colony-forming unit. c, Determination of optimal induction time for the detection of PrrF1-containing chimaeras (white stars). Amplicons were detected only, when during the PCR step, primers for the targets (sodB and PA4880, left and right white stars, respectively), but not for non-targets (efp and PA3940), were used. PCR amplification of complementary DNA (cDNA) for a housekeeping gene (rpsL) and two non-targets (efp and PA3940) was carried out to ensure the presence of equal amounts of cDNA of two non-target genes in all samples.
Results are representative of duplicate experiments. d, Sites of ligation between PrrF1 and sodB and PA4880. Arrows indicate the location of each junction (relative to the start of translation) based on the sequence of the amplicons indicated by the white stars in c.
(efp and PA3940). The sodB and PA4880 genes were also identified in several transcriptome studies evaluating the effect of iron, the Fur repressor and the sRNAs 22, 24 . We then fused in-frame lacZ to their 5′ untranslated regions (UTRs) and the coding sequence encompassing 20 codons, and compared β-galactosidase expression in cells also carrying pKH6-PrrF1 or the empty vector ( Supplementary  Fig. 2a ). As shown in Supplementary Fig. 2b , PrrF1-dependent repression of β-galactosidase was seen in cells expressing the target::lacZ fusions but not when lacZ was fused to the 5′ regions of non-target genes.
We also used these two pairs of genes to test whether specific ligation between PrrF1 and the target mRNAs was observed in the same cell. T4 RNA ligase was expressed for 1 or 2 h, followed by induction of expression of the sRNA for up to 20 min. To detect the ligated chimaeric RNAs, we carried out PCR with reverse transcription (RT-PCR) using the individual gene-specific SodB  53´5´3Ṕ   rrF1   C83  C72  G64  M1 M2 M3 forward primers and a PrrF1-specific reverse primer, as described in Fig. 1a . The individual gene-specific forward primers were designed to anneal to the Shine-Dalgarno/AUG regions of each mRNA. Unique amplicons were detected when the target gene-specific primers were used, but none was detected when the non-target gene-specific primers were used (Fig. 1c) .
We analysed the ligated products between PrrF1 and the target mRNAs by sequencing the specific amplicons identified in Fig. 1c . The junction sequences and sites between the 5′ end of PrrF1 and 3′ OH of target genes are shown in Supplementary Fig. 3a and Fig. 1d , respectively. PrrF1 was ligated to two sites on sodB mRNA (36 and 37 nucleotides downstream from the start codon) and to three sites on PA4880 mRNA (86, 88 and 108 nucleotides downstream from the start codon), which explained the double bands seen in Fig. 1c . It is likely that the preferential ligation of the 5′ phosphate end of PrrF1 to different sites within the target transcripts represents the locations of RNase cleavage sites, creating multiple 3′ OH end substrates for the formation of the covalent linkage. In addition, we observed two additional adenosines at the junction of PA4880-PrrF1 chimaeric RNA, suggesting that the ligation appeared to occur following poly(A) addition, which is commonly seen in the bacterial RNA degradation pathway 25 and can be observed during sRNA-induced mRNA decay 26 .
Factors influencing the specific ligation of sRNA to target mRNA. The specificity of the ligation reaction between PrrF1 and sodB was tested further by generating single nucleotide substitutions in the region of the sRNA that is predicted to base pair with the target 22 and engineering a defective T4 RNA ligase 27 ( Fig. 2a,b) . Three mutations (M1, M2 and M3) were created and tested for an effect on sodB transcript levels ( Fig. 2c) . Unlike wildtype PrrF1 and mutant M1, whose mutation is located at the end of the seed region, mutants M2 and M3 failed to negatively impact the concentration of sodB mRNA ( . These results showed that formation of an sRNA-mRNA chimaera requires base pairing between the two RNAs and active T4 RNA ligase. We next examined whether the abundance of the target mRNA influences the covalent linkage of PrrF1 to its targets. Following induction of PrrF1 for 20 min, we assessed the mRNA levels of target and non-target by quantitative real-time PCR (qrtPCR) and found that the levels of sodB and PA4480 varied. Following induction of PrrF1, a strong (8-fold) decrease in sodB and a modest (1.5-fold) decrease in PA4480 were observed (Fig. 2f ) . No significant change in the non-target transcript levels was observed. The extent of ligation between the sRNA and its targets, shown in Fig. 1c , did not seem to correlate with the transcript levels before or after PrrF1 overexpression. The ligation to non-target mRNAs was not seen, in spite of their expression levels significantly exceeding that of PA4480. Therefore, it is not the transcript levels but other factors such as base pairing between sRNA and the target, as well as mRNA processing (creating ligatable 3′ OH termini), that are the main determinants in creation of chimaeras in the cell.
The main impediment to the ligation between RNAs with 5′ phosphate and 3′ OH ends is the presence of the 5′ terminal triphosphate groups in primary transcripts of both sRNAs and mRNAs. However, it is likely that a fraction of sRNA molecules bound by Hfq as well as mRNAs in a degradation pathway contain monophosphorylated 5′ ends 22, 28 . The removal of pyrophosphate from the 5′ ends of primary transcripts is catalysed by the pyrophosphohydrolase RppH 28 . Therefore, we examined whether the RNA ligasecatalysed formation of the chimaeras required the activity of RppH as well as Hfq. We analysed the formation of PrrF1 and sodB or PA4480 chimaeras in wild-type P. aeruginosa and in rppH and hfq mutants (Fig. 2g) . Notably, the ligation of both mRNAs to PrrF1 was strongly reduced in the two mutants.
These results demonstrated that the interaction of the PrrF1 sRNA with any one of its predicted targets gives rise to a complex, which, following the removal of pyrophosphate from the 5′ end of the sRNA by RppH, can be covalently linked to one of several 3′ OH groups created by endonucleolytic processing of the mRNAs. Moreover, using the E. coli RyhB sRNA, we demonstrated T4 RNA ligase-mediated formation of chimaeras between the sRNA and both positively and negatively regulated targets (Supplementary Note 1).
Identification of multiple RNA targets interacting directly with a single sRNA by GRIL-seq. We expanded the ability of the RNA proximity ligation method to detect targets of sRNAs within the entire transcriptome. We developed an optimized pipeline, shown schematically in Fig. 3 , and we refer to this method as GRIL-seq. A key feature of this procedure is the enrichment step of sRNAtarget chimaeras following in vivo ligation and RNA recovery. The denatured total RNAs containing the ligated RNAs are annealed to poly(A)-tailed oligonucleotides complementary to the sRNA, followed by capture of the sRNAs (including the chimaera) on oligo(dT) magnetic beads. The location of the annealing region in PrrF1 and the sequences of the capture oligonucleotides are shown in Supplementary Fig. 5a . These enriched RNAs are then reverse transcribed using random primers, and the complementary DNAs (cDNAs) are used for library construction and Illumina sequencing.
In biological duplicate experiments, we obtained 6,811,939 and 6,473,670 PrrF1-containing chimaeras, representing 14 and 18% of total reads, respectively ( Supplementary Fig. 5b ). The duplicate samples showed high reproducibility, with a Pearson correlation coefficient of 0.99 ( Supplementary Fig. 5c ). The P. aeruginosa sequences within the chimaeras were mapped to the genome, and the number of reads at each peak was averaged for the two samples. Transcripts corresponding to 3,505 P. aeruginosa genes were identified as chimaeras with PrrF1; they were ranked according 2,000,000 3,000,000 4,000,000 5,000,000 3,500,000 4,500,000 6,000,000 5,500,000 2,500,000 1,500,000 Table 3 ). To assess the relationship between abundance of a transcript and its presence in chimaera with PrrF1, we generated a scatter plot using the data from RNA-seq and the genes detected by GRIL-seq. As shown in the Supplementary Fig. 6 , there was poor correlation (R 2 = 0.005) between RNA abundance detection of ligation products with PrrF1. This analysis indicated that the chimaera identified by GRIL-seq represented a specific class of transcripts and were not generated by random ligation based on their abundance.
We also mapped and quantified the PrrF-containing chimaeras relative to the genomic locations of the corresponding mRNAs and non-coding RNAs (Fig. 4a) . Interestingly, the mapping of the chimaeric reads for the top-ranked genes was remarkably enriched at a specific location within the individual transcript ( Supplementary  Fig. 7 ). In the examples shown in Fig. 4b ,c, a limited number of sites accounted for most of the reads. Over 50% of chimaeric sequences containing sodB were the result of ligation to three proximal sites. Similarly, most of the PrrF1 and gloA1 chimaeras were separated by only one nucleotide. The model for base pairing of the sRNAs in the vicinity of the ligation sites could be readily predicted using the IntaRNA algorithm 30 (Fig. 4d) . This strong preference for specific locations reflects the proximity of the annealed sRNA to the available 3′ OH sites created by RNase cleavage; ligation to 3′ OH termini from naturally terminated transcripts is seen infrequently. We also observed the addition of one or more adenosines at the 3′ OH of the mRNA at the junction sites in a few PrrF1 chimaeras in both cases ( Supplementary Fig. 8 ), suggesting that a fraction of the ligations appeared to occur following polyadenylation of mRNA, which may be triggered by sRNA-mediated mRNA degradation.
The list of RNAs ligated to PrrF1 is likely to contain several groups of transcripts. These include mRNAs regulated by the sRNA, affecting their translation and/or stability. Some can also act as 'sponges', sequestering sRNAs from their targets. To differentiate between these possibilities, we compared the list of genes identified by GRIL-seq with those whose transcript levels were affected by overexpression of PrrF1 (Supplementary Table 1 ). As shown in Fig. 5 , the transcripts of 17 genes were reduced significantly (2-10-fold) among the top 40 genes identified by the GRIL-seq procedure. The transcripts of these genes (Table 1) probably represent direct targets of PrrF1, where the interaction with the sRNA results in their enhanced degradation.
The targets identified by GRIL-seq were subjected to experimental validation using two independent methods. Briefly, we created in-frame fusions to the predicted 5′ UTR and an additional 20 codons to a β-galactosidase (lacZ) reporter and also expressed full-length proteins carrying a C-terminal 6His tag ( Supplementary  Fig. 9a ). Induction of PrrF1 expression caused a reduction in β-galactosidase levels and protein expression detected by western immunoblot analysis, in 11 out of 12 predicted targets ( Supplementary Fig. 9b,c) . For each target, we were also able to predict the most likely region that base paired with PrrF1 using the IntaRNA algorithm. We selected two targets (sodB and gloA1) and confirmed experimentally that mutations of sRNA in the base-pairing region abolished its regulatory activity and that these could be reverted by compensatory mutations in the target sequence (Supplementary Note 2 and Supplementary Fig. 10 ).
The majority of predicted base pairing of PrrF1 with its targets could be localized to the 5′ ends of mRNAs, in agreement with the expected role of sRNAs in regulating translation or mRNA stability. However, on several occasions, ligation of PrrF1 was seen near the 3′ ends of mRNAs. We investigated one such interaction, between PrrF1 and the katA mRNA, leading to the discovery of another sRNA sequestration (sponge) mechanism for modulating gene expression. Details of this work are described in Supplementary Note 3.
Non-coding RNAs. Using the GRIL-seq approach, we also identified ligation products to several non-coding RNAs. Among these, the CrcZ sRNA is one of the regulators of carbon catabolite repression in P. aeruginosa 31, 32 . Two PrrF1 regions of base pairing could be predicted within CrcZ, and two sites (at positions +227 and +242) were mainly linked to PrrF1 in the chimaeric reads ( Supplementary Fig. 7) . Moreover, the 3′ OH of fragmented PrrF1 (mainly at position +74) was linked to the 5′ end of the fragmented form (position +242) of CrcZ, which suggests that the ligation of PrrF1 to CrcZ is a result of direct interactions, concurrent with the cleavage of both RNAs. We also identified several transfer RNAs (tRNAs) ligated to PrrF1, including two tRNA-valine and three tRNA-aspartic acid. Detailed analysis of the interactions between PrrF1 and the tRNAs can be found in Supplementary Note 4.
Discussion
The GRIL-seq method described here allows identification of transcripts recognized by sRNAs following the base pairing between segments of the complementary RNAs and proximity ligation of the 3′ OH and 5′ phosphate ends by T4 RNA ligase, expressed in live bacteria. GRIL-seq can therefore be used to identify multiple targets of sRNAs based on their ability to form transient complexes with mRNAs as well as with other transcripts, including RNA traps, anti-sRNAs, and sponges 20, [33] [34] [35] . An important feature of GRIL-seq is that it can be carried out in live bacteria, without modification of an sRNA. Moreover, transcripts of negatively regulated genes are usually degraded following their continuous interaction with sRNAs, as this occurs under natural steady-state conditions. Consequently, regulated induction of the sRNA provides the ability to identify putative targets under conditions when they are highly abundant and before they are degraded.
We applied the GRIL-seq method using the PrrF1 sRNA and were able to show its interaction with a group of transcripts, 17 of which were also destabilized following overexpression of the sRNA (Fig. 5) . Examination of these PrrF1 targets showed that the ligation reaction in most (12) of the mRNAs occurred at sites near the sequence specifying the N terminus of each translated protein, presumably reflecting the location of a preferred endonucleolytic cleavage site. Predicted base-pairing interactions, generated using the IntaRNA algorithm, were in all cases located 5′ to the ligation sites and often (but not always) contained the sites of initiation of translation (Shine-Dalgarno sequence) and the start codon. These results are consistent with the generally accepted model for sRNA regulation, where base pairing with an mRNA inhibits initiation of translation, inducing endonucleolytic cleavage followed by exonucleolytic degradation of the transcript 3, 13, 25 . However, several targets formed chimaeras in GRIL-seq with PrrF1 at their 3′ ends, and some of them had predictable secondary regions capable of base pairing with PrrF1 near the sites of initiation of translation. Although the consequences of ligation of an sRNA at the 3′ end of the mRNA remain to be explored further, we showed that a 3′ fragment of katA mRNA, which base pairs with PrrF1, relieved the negative effect of this sRNA at the 5′ end of the full-length mRNA (Supplementary Note 3) .
In addition to identification of putative base-pairing sites of PrrF1 targets, we found that PrrF1 could be linked to two different non-coding RNAs (CrcZ and two aspartyl tRNAs), implying additional uncharacterized roles of PrrF1. CrcZ is an sRNA decoy capable of relieving Hfq-mediated translational repression. It contains A-rich sequences capable of binding to the distal surface of Hfq, shown previously to be the site of mRNA interaction 32 , while PrrF1 can bind Hfq presumably with 3′ poly(U) sequences at the proximal surface 36 , potentially allowing ligation of the two RNAs in the same Hfq oligomer. Given that they also appear to have sequences able to form a stable duplex (hybridization energy, −34.5 kcal mol −1 ) and their ligation appears to occur following the cleavage of both RNAs, they probably interact by base pairing. However, our RNA-seq results did not show significant changes in CrcZ levels during 20 min of ectopic overexpression of PrrF1 (Supplementary Table 1 ). It is conceivable that CrcZ functions as an sRNA sponge, sequestering PrrF1. GRIL-seq also identified ligations of PrrF1 to the 3′ end of three precursor aspartyl tRNAs. Given that Hfq binds to several tRNAs and participates in tRNA processing in E. coli 18, 37 , this finding suggests that sRNAs (such as PrrF1) may also participate in some unknown aspects of tRNA function.
As illustrated with PrrF1, the GRIL-seq method leads to the detection of a large number of chimaeras, some of which could represent products of random ligations, particularly to highly abundant RNAs. However, our analysis of the distribution of chimaeras revealed that the ligation junctions were limited to a small number of internal RNase cleavage sites, and that these were independent of transcript abundance. Moreover, base pairing between the sRNA and a transcript was essential for their ligation. Therefore, GRIL-seq is a sensitive method for detecting base-paired RNA molecules, and, in the case of sRNAs, these can have biological consequences such as enhanced degradation of targeted transcripts. Alternatively, an sRNA may block translation without significantly affecting mRNA stability; translational repression, in the absence of mRNA degradation, has been shown to be sufficient for several sRNAs to exert their full regulatory effect 38, 39 . Finally, the list of ligation products between any specific sRNA and various transcripts could also include potential 'false positives'. These chimaeras represent RNAs capable of base pairing with an sRNA to form sufficiently stable structures that could preferentially be ligated to transcripts at sites created by endo-or exonuclease cleavage during normal RNA turnover 25 . The GRIL-seq method constitutes a simple and highly sensitive method for detecting interactions between various partially complementary transcripts in vivo, a key stage in the regulatory mechanism of non-coding sRNAs. When combined with computational sRNA target prediction algorithms, it appears to be a valuable tool to predict base-pairing regions between sRNAs and target transcripts. Conceptually, GRIL-seq is analogous to the chromatin immunoprecipitation sequencing (ChIP-seq) method where the binding sites for regulatory proteins are mapped to a genome, with one major difference being that the site on the target ligated to the sRNA is usually generated by an endonucleolytic cleavage and can be located at a substantial distance from the site of base pairing between the two transcripts. GRIL-seq is easily scalable with the use of multiple oligonucleotides for the enrichment step; this could be applicable to multiplexing dozens of sRNAs for a single sequencing reaction. Moreover, given the performance of modern sequencing platforms, studies of sRNA regulation without the need for overexpression may soon be possible, allowing mapping of all sRNA targets under a specific set of conditions in a single experiment.
During the revision of this manuscript, another group published a method (RNA interaction by ligation and sequencing (RIL-seq)) for the identification of Hfq-bound pairs of sRNAs and their targets 40 . This method relies on capturing crosslinked sRNAs-Hfq complexes with antibody, subsequent RNase A/T1 digestion, ligation, protease treatment and sequencing. GRIL-seq differs from RIL-seq not only in its simplicity and technical details (mainly the generation of the chimaeras occurs in vivo) but also in its ability to identify non-Hfq-dependent targets of sRNAs, which may represent a substantial fraction of sRNA targets 41 . Nevertheless, both of these techniques represent an important addition to the molecular toolbox and should greatly facilitate sRNA research.
Methods
Oligonucleotides and plasmids. The oligonucleotides and plasmids used in this study are listed in Supplementary Tables 4 and 5 , respectively. Most subclonings were carried out using an in-fusion cloning kit (Clontech), and when required, restriction enzyme treatment and T4 DNA ligation were performed. For engineering chromosomal mutations in P. aeruginosa and fusion of genes, the splicing by overlap extension (SOEing) PCR method was used and plasmid pEXG2 was used as described previously 42 . To construct plasmid pKH13, plasmid pPSV40 was used as a backbone of pKH13 with some modifications. The two restriction sites, HindIII and SmaI in pPSV40, were digested and then removed by generating blunt ends using Klenow polymerase and religated to generate pPSV40-1. Plasmid pPSV40-1 was linearized by EcoRI and XhoI. The Lac repressor gene (lacI q ), promoter (P tac ) and rrnB terminator (rrnB T12) were amplified from plasmid pMMB67EH using oligonucleotides F_XhoI_pKH5/R_ERI_rrnBT and cloned into the linearized pPSV40-1 to generate plasmid pKH7. To replace the gentamicin resistance (Gen R ) marker (aacC1) in pKH7 with the carbenicillin resistance (Carb R ) gene (bla), the gene from pMMB67EH was amplified using oligonucleotides F_Bla_gsn/R_Bla_gsn and cloned into the pKH7 plasmid backbone amplified with oligonucleotides F_pKH11_bla vec_gs/R_pKH11_bla vec_gs to generate plasmid pKH11. To obtain tight control of the P tac promoter, the promoter sequence of plasmid pBTK27, containing two lac repressor gene operators (lacO), was amplified using oligonucleotides F_pspOMI_lacIq/R_pKH13_pBTK27 and then cloned to generate pKH13. The plasmid pKH13-t4rnl1 was constructed by PCR amplification from the original plasmid, pET16b-t4rnl1 (generously provided by Ushati Das, SloanKettering Institute, New York) using oligonucleotides F_xbI_SD_T4RL_pKH13/ R_Hnd3_T4RL_pKH11) (Supplementary Figs 1b and 15) . The T4 RNA ligase mutant (K99N) was generated by SOEing PCR using oligonucleotides F_t4rlK99N/R_t4rlK99N.
The sRNA overexpression vector pKH6 was constructed by modifying the P BAD promoter region of pJN105 to allow the transcription of a cloned gene to start at the same 5′ end as the endogenous RNA. Briefly, plasmid pJN105 was linearized with MluI and XbaI and a modified transcription site was introduced by cloning the DNA fragments amplified using oligonucleotides F_MluI_pJN150/R_ERI_XbI_pJN150. The terminator sequence of rrnB (rrnB T12) amplified from pMMB67EH using oligonucleotides F_PstI_rrnBT/R_sacI-rrnBT was inserted between the PstI and SacI sites of the pJN105. To remove the additional lac promoter site located downstream of araC in pKH6, the vector was amplified with oligonucleotides R_phos_notI_pKH6/F_phos_aac65_pKH6 and rejoined using T4 DNA ligase. To construct plasmids pKH6-PrrF1 and pKH6-RyhB, the prrF1 gene from P. aeruginosa strain PAO1 and the ryhB gene from E. coli strain MG1655 ( Supplementary Fig. 15 ), containing a transcription start site (in the case of RyhB, an adenosine was added) and its native terminator, were amplified using oligonucleotides F_XbaI_prrf1+1/R_Hd3_prrf1+135 and F_XbaI_ryhb+1A/ R_Hd3_ryhb+113, respectively, and inserted between the XbaI and HindIII sites of pKH6 (Supplementary Fig. 1a ). The mutations in PrrF1 (M1, M2 and M3) were engineered by SOEing PCR with each oligonucleotide pair listed in Supplementary Table 5 .
Bacterial strains. A list of bacterial strains created for this study is provided in Supplementary Table 4 . P. aeruginosa strain PAO1 is referred to as the wild-type strain and was used as a recipient for plasmids or mutant construction. To construct P. aeruginosa strain KT4P1 containing two plasmids, pKH13(Carb R ) and pKH6 (Gen R ) (or their derivatives), sequential mating with the plasmid-bearing E. coli donor was carried out. Briefly, plasmid pKH13 was first introduced into E. coli strain SM10λpir and then was used as a donor for transfer to the PAO1 wild-type (or mutant) strain by mating. This PAO1 (pKH13) strain was then used in a conjugation experiment as a recipient for plasmid pKH6 or its derivatives.
Media and growth condition. Bacterial cells were grown aerobically with shaking at 37°C, in Luria-Bertani (LB) broth with antibiotics as required (P. aeruginosa: 150 µg ml −1 carbenicillin, 75 µg ml −1 gentamicin, 25 µg ml −1 irgasan, 75 µg ml
tetracycline; E. coli: 50 µg ml −1 carbenicillin, 15 µg ml −1 gentamicin). For the overnight seed culture of P. aeruginosa, strain KT4P1 carrying two plasmids, pKH13-t4rnl1 and pKH6-PrrF1, was cultured in LB broth with gentamicin and carbenicillin and then diluted into the same medium to an attenuance (D) at 600 nm of 0.01. For determination of cell viability following induction of T4 RNA ligase expression, IPTG (final conccentration 1 mM) was added when the culture of P. aeruginosa PAO1 (pKH13-t4rnl1) reached D 600 nm of ∼ 0.5. At each time point, aliquots were withdrawn and serially diluted with LB medium. Duplicate cultures from the serial dilution were spread on LB plates containing carbenicillin (150 µg ml −1 ) and incubated for 18 h at 37°C. The number of viable cells was counted and the mean determined from three independent experiments.
In silico prediction of base pairing between sRNA and target RNAs. IntaRNA software 30 was used to predict interactions between sRNA and target RNAs. For the prediction of interactions between PrrF1 and sodB (or PA4880), the previously published prediction 22 was used. The regions of interaction between RyhB and targets (sodB, sdhD and shiA) in E. coli were also based on previously published work 23, 43, 44 .
Preparation of cells for GRIL-seq and RNA-seq. For GRIL-seq, the details are described in Supplementary Note 5. Briefly, overnight cultures of P. aeruginosa KT4P1 carrying two plasmids, pKH13-t4rnl1 and pKH6-PrrF1, was cultured in LB broth with gentamicin and carbenicillin and then diluted in the same medium until D 600 nm was 0.01. T4 RNA ligase was induced when a culture reached D 600 nm of ∼0.5 by addition of IPTG (final concentration 1 mM). After 1 h, PrrF1 was induced for 20 min by addition of L-arabinose (L-ara) to 0.2%. The cells were collected by centrifugation at 13,000g for 1 min and the pellets were frozen in liquid nitrogen for the subsequent RNA isolation. The same protocol was followed for RNA-seq using strain PAO1ΔprrF1ΔprrF2.
RNA isolation. Total RNA was isolated using a Direct-zol RNA MiniPrep (Zymo), following the manufacturer's instructions with some modifications. Cells from 1.6 ml of culture (equivalent to 5 D 600 nm units) were collected by centrifugation (13,000g, 40 s) and the supernatant was discarded. To stop additional transcription, the pellets were immediately snap frozen using liquid nitrogen. TRI Reagent (700 µl, Zymo) was added to the frozen pellet in a 1.5 ml centrifuge tube and the cells were immediately lysed by vigorous vortexing (2 min). Cell debris was removed by centrifugation (13,000g, 1 min) and 650 µl of the lysate was transferred into a fresh tube containing the same volume of 100% ethanol. The ethanol mixture was transferred into a Zymo-Spin IIC column in a collection tube and centrifuged. The flow-through was discarded, and this was repeated until all of the mixture was transferred. The column with bound RNAs was washed according to the manufacturer's protocol. For RNA elution, 40 µl nuclease-free water was used.
Northern blotting. For PrrF1 and 5S RNA, total RNA (5 µg) was mixed with RNA loading buffer II (Ambion) and denaturated at 95°C for 3 min. The RNA was fractionated on 5% polyacrylamide/7 M urea gel in 1× TBE. For sodB mRNA, total RNA (10 µg) was mixed with RNA loading buffer (62% formaldehyde, 8% glycerol, 0.02% bromophenol blue, 0.02% xylene cyanol) and denaturated at 95°C for 3 min. The RNA was separated by 1.5% agarose gel electrophoresis containing ethidium bromide in 1× MOPS buffer. Following the electrophoresis, 5S and 16S rRNA stained with ethidium bromide were visualized as a loading control. When needed, 5′-radiolabeled oligonucleotide was also used as a probe for visualization of 5S rRNA. The fractionated RNAs were electrotransferred to a Hybond N+ membrane (GE Healthcare) and crosslinked on the membrane using a Stratalinker UV crosslinker (Stratagene) on the Autocrosslink setting (two times, 120,000 µJ cm −2 ). After prehybridization with Rapid-Hyb buffer (GE Healthcare), a 32 P-labelled oligonucleotide probe was hybridized at 43°C and the membrane was washed with 2× SSC/0.1% SDS and then with 0.5× SSC/0.1% SDS buffer. The signal was visualized on Typhoon FLA 7000 (GE Healthcare). To detect PrrF1, 5S RNA and sodB mRNA, the oligonucleotides listed in Supplementary Table 5 (R_PrrF1+46, R_5S+90 and R_sodB+24, respectively) were used for 5′ end labelling with [ qrtPCR. For RNA quantification, one-step qrtPCR was carried out as described previously 36 . The primers used for qrtPCR are listed in Supplementary Table 5 .
Enrichment of chimaeric sRNA. Cells (1.6 ml, 5 D 600 nm ) collected by centrifugation and frozen with liquid nitrogen were broken down with 700 µl TRI Reagent. DNA was removed on a column with 8 µl DNase I (2 U µl −1 ) at 37°C for 30 min. Total RNA was precipitated with two volumes of 100% ethanol at −80°C, and 30 µl nuclease-free water was used for RNA recovery. Total RNAs (10 µg) with RNA integrity (RIN) numbers greater than 7 were used for the enrichment of sRNA. To enrich the samples for the chimaeras containing the sRNA, a MICROBExpress kit (Life Technologies) was used with some modification. As the Capture Oligo Mix, 5′ poly(A)-tailed (18-mer) PrrF1-binding complementary oligonucleotides were designed based on the proper melting temperature (55-61°C, 23-mer) and G+C content (48-65%) at the hybridization regions of sRNA (Supplementary Table 5 ). Capture Oligo Mix (1 µl, 20 µM) was mixed with the total RNA (10 µg, 14 µl), and Binding Buffer (200 µl) was added as recommended by the manufacturer. Denaturation of the secondary structure of RNAs and the Capture Oligo Mix was carried out at 70°C for 15 min and the RNA/Capture Oligo Mix was then incubated at 37°C for 1 h for specific annealing of the capture oligonucleotides to the sRNA. The preparation of oligo(dT)-containing magnetic beads (Oligo MagBeads in the MICROBExpress kit, Life Technologies) was carried out according to the manufacturer's instructions. For 'sandwich' hybridization of sRNA-capture oligonucleotides and Oligo MagBeads, 50 µl pre-equilibriated (37°C) Oligo MagBeads was added to the RNA/capture oligonucleotides mixture and incubated 37°C for 15 min. Wash solution, prepared as described previously 45 , was preequilibriated at 37°C for 15 min before washing the beads. After magnetic capture with the Oligo MagBeads, the beads were washed three times by pipetting 300 µl wash solution and discarding the supernatant from the collected Oligo MagBeads. RNA bound to the Oligo MagBeads was eluted by resuspending the beads in 50 µl TURBO DNase I (3 U; Thermo Fisher Scientific) and incubating at 37°C for 25 min.
The eluted RNA (in 47 µl) was collected, and nuclease-free water (153 µl) was added to reach 200 µl. The enriched RNA was precipitated overnight at −80°C with 500 µl 100% ethanol (2.5 volumes), 20 µl 0.1 M sodium acetate (0.1 volume) and 4 µl glycogen (5 µg µl −1 ).
Preparation of the cDNA library for RNA-seq. The precipitated enriched chimaeric sRNA was recovered in 15 µl nuclease-free water. The enriched RNAs (100 ng) were used for cDNA library preparation. Library construction for Illumina sequencing was carried out using an NEB Next Ultra Directional RNA Library Prep kit for Illumina (New England Biolab) following the manufacturer's instructions (Supplementary Notes 5) . The index primers used in this study are listed in Supplementary Table 5 . To enrich the libraries, 16 cycles of PCR were carried out at the last enrichment step. To obtain high purity of the library from the adaptor dimer, bead purification was carried out twice at the last step.
Detection of sRNA-target chimaeras by RT-PCR. To remove residual DNA from total RNAs, 10 µg RNA sample in a 50 µl reaction volume was treated with TURBO DNase I (4 U) for 25 min, followed by its inactivation for 5 min using a TURBO DNA-free kit (Thermo Fisher Scientific). Total RNA was recovered (45 µl) by centrifuge at 10,000g for 2 min, and total RNA (1 µg) was converted to cDNA using a SuperScript III First-Strand Synthesis system (Invitrogen) with random hexamers. When required, 5 pmol gene-specific primer was used for the gene-specific cDNA synthesis. Reverse transcription was carried out at 50°C for 1 h and terminated at 85°C for 10 min. The residual RNA was removed using 2 µl of an enzyme mixture containing RNase H (2.5 U; New England Biolab) and Riboshredder (0.5 U; Epicentre) for each reaction. Approximately 10% of the reaction was used as the template for PCR amplification using a GoTaq Green Master Mix (Promega) and the primer pairs listed in Supplementary Table 5 . Cycling conditions were: 95°C for 3 min; 30 cycles of 94°C for 25 s, 58°C for 25 s and 72°C for 60 s; and a final cycle of 72°C for 5 min. The PCR products were separated by 2% agarose gel electrophoresis; the DNA bands were eluted and cloned into pJET1.2 vector (Thermo Fisher Scientific) following the manufacturer's instructions, and the inserts were sequenced using the pJET1.2 reverse primer.
RNA-seq data analysis. Sequencing reads were aligned with the PAO1 genome using the Rockhopper system 46 . The two biological replicate RNA-seq experiments corresponding to the PAO1ΔprrF1ΔprrF2 strain resulted in 7,520,964 sequencing reads and 8,655,351 sequencing reads, of which 87% mapped to the reference genome. The two biological replicate RNA-seq experiments corresponding to PrrF1 overexpression resulted in 5,687,213 sequencing reads and 9,884,669 sequencing reads, of which 88% mapped to the reference genome. Sequencing read data were normalized using upper quartile normalization 47 . Differential expression in the two conditions was tested using the approach of DESeq2 48 , where P values were computed to indicate the probability of observing each gene's two expression levels, in the two conditions, by chance. Because multiple tests were performed across the set of genes, P values were corrected to q values to control the false discovery rate at less than 1% 49 .
Data availability. The sequencing data have been deposited in the National Center for Biotechnology Information Sequence Read Archive under accession codes SAMN05933141-SAMN05933146.
